The development of South Korean water resources has been heavily concentrated in a few areas, corresponding to regions that have experienced economic growth. The resulting competition for the resource is leading to calls for more equitable water distribution. The objective of this study is to evaluate water stress areas for sustainable water resources management. For this, a spatially distributed water stress index that accounts for climate variability at intra-and inter-annual time scales is developed and applied to South Korea to better understand the water allocations, and the subsequent water stress. Water demand (household water, industrial water, agricultural water, and livestock water) and water supply (precipitation use, reservoir use, stream use, and underground water use) estimates based on the period 1973-2009 were used to compute the normalized deficit index (NDI) and normalized deficit cumulative (NDC) for each hydrologic basin. Water stress was assessed for each of the four decades (1973-1982; 1983-1991; 1992-2000; 2001-2009). The overall water stress has decreased in 2000-2009 compared to 1973-1982 because of water infrastructure development. However, while the risk of water stress was low in the Han River basin, the Nakdong River was found to be very vulnerable to water stress. It was possible to investigate where water management strategies are needed for the sustainable development of South Korean water resources.
Introduction
South Korea has achieved rapid economic growth since the 1960s. However, this has been accompanied by an increase in the overall water demand for industries and agriculture. The mean annual precipitation for South Korea is about 1245 mm, approximately 1.4 times greater than the global average of 880 mm. Nonetheless, per capita annual renewable water availability (as measured by annual precipitation) is about 2591 m 3 , about 1/8th of the global average due of high population density [1] . Further, 72% of the precipitation occurs during the flood season (June to September) through the East Asian monsoon and tropical depressions (typhoon). The national water policy's central focus on maximizing economic growth has led to an increase in the regional imbalance in water availability [2] . The equitable distribution of water resources is emerging as an issue of regional conflict [2] . As competition for water increases across different use sectors, the temporal variability in available supply leads to increasing pressure to develop surface storage, or to use groundwater resources. Scarcity and quality of freshwater will heavily constrain water security for society, businesses and the environment in the future. Ensuring sufficient water supply for all the sectors is hence a challenge to consider first for sustainability in the 21st century.
Traditionally, water supply planning has focused on developing new resources as demand increased. However, in the current times, limitations on making large new reservoirs, restrictions on groundwater sources, increasing development costs and concerns for environmental impacts limit the ability to develop new resources. South Korea is using reservoir water for 52% of total water usage [1] and has significant trans-basin diversions since the seasonal difference of precipitation is very high. Thus, the stress and system reliability as measured by existing drought indices (e.g., Palmer Drought Severity Index: [3] , Thornthwaite Index: Thornthwaite, [4, 5] , and Standardized Precipitation Index: McKee et al. [6] ) may be significantly different from the actual impact in each basin. To determine the reliability of the existing water systems, one needs to develop estimates of potential water shortages not only due to droughts of varying severity and duration that result from natural variability in climate, but also due to changes in near to long-term demands. Consequently, we present a quantitative analysis that measures the water stress and system reliability for South Korea arising from variations in the water supply and due to changes in water demand by the economic growth and population increase. We attempt to understand how water stress and its spatial distribution have evolved over the last 40 years in South Korea, and the implicit role of water infrastructure in this evolution.
The procedure of this study is as follows. First, a database of water supply and demand is established to evaluate water stress for sustainable development of water resources. Next, an improved method based on water balance is provided which analyzes the spatio-temporal distribution of water stress. Finally, we provided an idea for sustainable development of water resources in the future through evaluating the impacts of development of water resources in the past on current water stress.
Section 2 presents the water resources management context for South Korea. In Section 3, we present the underlying methodology and results of water risk and system reliability measures. In Section 4, we discuss implications for sustainable water resources development in South Korea. Finally, we conclude the study in Section 5.
Water Resource Management in South Korea
Located in the Eurasian Continent on the Pacific Ocean (latitude 33 • N-38 • N, longitude 125 • E-132 • E), South Korea is significantly influenced by the East Asian monsoon and typhoon. Most of the annual precipitation (about 62.7%) occurs in the summer season (end of June to the beginning of September) with some precipitation during winter and spring. The mean annual precipitation is about 1300 mm . The South Coastal region and mid-upper streams of the Han River receive high precipitation and the middle streams of Nakdong River receive lower precipitation (see Figure 1 ). The variability of annual precipitation is relatively high in the south. The Korean Peninsula has a high gradient in the east and low gradient in the west. The slope is steep, and the length of a river is short. As a result, most precipitation occurring in a flood season tends to flow out all at once. There are 17 large reservoirs in South Korea primarily designed for water supply and flood control [1] . Figure 1c shows the east-west gradient and the storage volumes for each of the 17 multipurpose dams. Natural variations in climate in combination with increasing population demands are causing water stress in the region. South Korea's population density is about 513/km 2 [7] , considerably higher than the world average of about 53/km 2 . Besides, with the economic development since the 1960s, South Korea's population has increased by more than 80% from about 27 million in 1965 to about 49 million in 2009. The population of the cities greatly increased. Seoul had a 275% growth in population from 1973 to 2009 (see Figure 2 ). This has led to increasing water demand and stress in the region of Seoul along the Han River basin, even though this is an area with high precipitation (see Figure 1a) . Variability in rainfall is a key factor for water management. Rainfall variability may be a more important determinant of per capita income of nations than mean annual rainfall, and is hence a significant factor in the economic growth of a country [8] . Even if water is not used excessively, persistent shortage/drought induced by climate conditions can lead to stress. In light of this, we present the water risk for South Korea based on the magnitude of water deficits as a result of variability in supply and demands. The impact of cumulative deficits over time like multiyear drought impacts on the available surface and groundwater resources is also presented. The metrics specifically assess water risk posed by within-year and over-year variations in renewable water supply and changing water demand. Application of these indices at a basin level for South Korea is presented. South Korea's population density is about 513/km 2 [7] , considerably higher than the world average of about 53/km 2 . Besides, with the economic development since the 1960s, South Korea's population has increased by more than 80% from about 27 million in 1965 to about 49 million in 2009. The population of the cities greatly increased. Seoul had a 275% growth in population from 1973 to 2009 (see Figure 2 ). This has led to increasing water demand and stress in the region of Seoul along the Han River basin, even though this is an area with high precipitation (see Figure 1a) . Variability in rainfall is a key factor for water management. Rainfall variability may be a more important determinant of per capita income of nations than mean annual rainfall, and is hence a significant factor in the economic growth of a country [8] . Even if water is not used excessively, persistent shortage/drought induced by climate conditions can lead to stress. In light of this, we present the water risk for South Korea based on the magnitude of water deficits as a result of variability in supply and demands. The impact of cumulative deficits over time like multiyear drought impacts on the available surface and groundwater resources is also presented. The metrics specifically assess water risk posed by within-year and over-year variations in renewable water supply and changing water demand. Application of these indices at a basin level for South Korea is presented. South Korea's population density is about 513/km 2 [7] , considerably higher than the world average of about 53/km 2 . Besides, with the economic development since the 1960s, South Korea's population has increased by more than 80% from about 27 million in 1965 to about 49 million in 2009. The population of the cities greatly increased. Seoul had a 275% growth in population from 1973 to 2009 (see Figure 2 ). This has led to increasing water demand and stress in the region of Seoul along the Han River basin, even though this is an area with high precipitation (see Figure 1a) . Variability in rainfall is a key factor for water management. Rainfall variability may be a more important determinant of per capita income of nations than mean annual rainfall, and is hence a significant factor in the economic growth of a country [8] . Even if water is not used excessively, persistent shortage/drought induced by climate conditions can lead to stress. In light of this, we present the water risk for South Korea based on the magnitude of water deficits as a result of variability in supply and demands. The impact of cumulative deficits over time like multiyear drought impacts on the available surface and groundwater resources is also presented. The metrics specifically assess water risk posed by within-year and over-year variations in renewable water supply and changing water demand. Application of these indices at a basin level for South Korea is presented. 
Water Risk and System Reliability Metrics

Water Stress Indices
The Water Risk Indices used here were developed by Devineni et al. [9] that are based on the sequent peak algorithm originally developed for reservoirs [10] [11] [12] . The computation of these indices as presented in Devineni et al. [9] is as follows:
For the jth geographical unit we define the following quantities:
SI I j = max y max t de f icit j,t(y) ; t = 1 : 365 ; y = 1 : n (2)
where de f icit j,t refers to the accumulated deficit, D j,t is total water demand, and S j,t is the total water supply volume, for geographical location j and day t and y to a year. The corresponding normalized indices, are
where AP j is the average annual rainfall volume for basin j estimated by multiplying the area and the average depth of precipitation. The daily water deficit is calculated from the difference between the daily water demand and supply. These daily deficits are accumulated while setting negative accumulations to zero. The NDI is the maximum accumulated deficit in a given year in relation to the average annual precipitation and the NDC is the maximum accumulated deficit for the whole time period of interest as it relates to the average annual precipitation. Devineni et al. [9] have also prescribed a comparison of NDI and NDC, through which we can assess whether a region is prone to multiyear drought risk and whether the resulting shortages will exceed the average renewable endogenous supply in the region or not. Nonetheless, unlike Devineni et al. [9] who took an approximation approach based on a fraction of local precipitation as renewal water supply, in this present analysis, given the access to water resources data in South Korea, we considered precipitation, surface water and groundwater (i.e., all possible water sources) for water supply.
Data Collection and Processing
We compute the water risk for each sub-basin in South Korea. Water resources units in South Korea are classified into basins (low definition, four units), sub-basins (medium definition, 113 units) and watersheds (high definition, 840 units). Among them, sub-basin units have similar characteristics to the administrative districts. We collected the water supply and demand data for the sub-basins (113 units). 37 years of daily data on water supply and water demand from 1973 to 2009 are collected from the Water Management Information System (WAMIS; www.wamis.go.kr). WAMIS provides data on hydrometeorology, basin characteristics, river flow, dam storage and operations, groundwater levels and water use.
Water demand (D j,t ) can be classified into household water use (H j,t ), industrial water use (In j,t ), agricultural water use (Ag j,t ), and livestock water use (LS j,t ). We assumed a constant daily household, industrial, and livestock water usage. We used a per-capita daily water usage of 359 L [13] with the annual population data to estimate the domestic water consumption.
Annual industrial water use data for each sub-basin is available from the WAMIS database. Further, livestock water usage data for each sub-basin is available from the Korea Statistics website (http://kostat.go.kr).
We quantify the agricultural water demand (Ag j,t ) as the estimated total crop water requirement for ten major crops cultivated in the country. For each cultivated crop in a sub-basin, we calculated the water use based on the estimated crop growth stage, and FAO recommended reference crop evapotranspiration on a daily time scale [14] .
Daily air temperature data is used to estimate the potential evapotranspiration for each sub-basin based on the Penman Monteith method [15] . The Penman Monteith method is recommended as the standard method for estimating the evapotranspiration if the relevant data is available. Time series of the crop area planted is obtained from the Korean Statistical Information Service (http://kostat.go.kr).
The time series of the estimated water demands from 1973-2009 is shown in Figure 3 . Decreasing farm area over the 37 years led to a reduction in the demand for agricultural water (by about 29.3%). However, due to the increase of household water demand (by about 88.9%) caused by the population increase and industrial water demand (by about 323.1%) caused by the economic growth, the overall water demand has increased by about 21.7%. Figure 4 presents the spatio-temporal distribution of average water use for each sector over the last four decades (1973-1982, 1983-1991, 1992-2000, and 2001-2009 ). Notice the spatio-temporal shifts in water use patterns. Annual industrial water use data for each sub-basin is available from the WAMIS database. Further, livestock water usage data for each sub-basin is available from the Korea Statistics website (http://kostat.go.kr).
We quantify the agricultural water demand ( , ) as the estimated total crop water requirement for ten major crops cultivated in the country. For each cultivated crop in a sub-basin, we calculated the water use based on the estimated crop growth stage, and FAO recommended reference crop evapotranspiration on a daily time scale [14] .
Daily air temperature data is used to estimate the potential evapotranspiration for each subbasin based on the Penman Monteith method [15] . The Penman Monteith method is recommended as the standard method for estimating the evapotranspiration if the relevant data is available. Time series of the crop area planted is obtained from the Korean Statistical Information Service (http://kostat.go.kr).
The time series of the estimated water demands from 1973-2009 is shown in Figure 3 . Decreasing farm area over the 37 years led to a reduction in the demand for agricultural water (by about 29.3%). However, due to the increase of household water demand (by about 88.9%) caused by the population increase and industrial water demand (by about 323.1%) caused by the economic growth, the overall water demand has increased by about 21.7%. Figure 4 presents the spatio-temporal distribution of average water use for each sector over the last four decades (1973-1982, 1983-1991, 1992-2000, and 2001-2009 ). Notice the spatio-temporal shifts in water use patterns. The water supply ( , ) is classified into what is available as a fraction of the direct precipitation as the renewable water resource in each sub-basin ( , ), the water supply available from reservoirs as surface water resource ( , ), and groundwater supply ( , ). The relevant data were collected through WAMIS.
Precipitation supply, PUj,t,is estimated as shown in Equation (8) .
where , is the precipitation for any day t over a basin j. is the geographical area of the basin and , is the net cropped area of any day t for the basin. 1 determines the effective rainfall [14] that the crops can utilize from the total rainfall in a day over the net cropped area. 2 determines the amount of rainfall that can be harvested and used from the non-cropped area ( − ). The parameters 1 and 2 vary regionally and parametrically based on the information available. They conceptually embody the processes one could model for bare soil evaporation, soil moisture dynamics, and runoff generation [9] .
In this study, the coefficients 1 and 2 are developed using information on an annual average water balance. The annual average renewable water supply based on precipitation in each The water supply (S j,t ) is classified into what is available as a fraction of the direct precipitation as the renewable water resource in each sub-basin (PU j,t ), the water supply available from reservoirs as surface water resource (RU j,t ), and groundwater supply (UU j,t ). The relevant data were collected through WAMIS.
S j,t = PU j,t + RU j,t + UU j,t
Precipitation supply, PU j,t ,is estimated as shown in Equation (8) .
where P j,t is the precipitation for any day t over a basin j. A j is the geographical area of the basin and AC j,t is the net cropped area of any day t for the basin. α 1 determines the effective rainfall [14] that the crops can utilize from the total rainfall in a day over the net cropped area. α 2 determines the amount of rainfall that can be harvested and used from the non-cropped area (A j − AC j ). The parameters α 1 and α 2 vary regionally and parametrically based on the information available. They conceptually embody the processes one could model for bare soil evaporation, soil moisture dynamics, and runoff generation [9] . In this study, the coefficients α 1 and α 2 are developed using information on an annual average water balance. The annual average renewable water supply based on precipitation in each basin, which is the difference between precipitation volume in each basin (P j,y(t) × A j ) and outflow volume (O j,y(t) ), can be expressed as shown in Equation (9) .
We obtained the annual average runoff data (O j,t) ) for each sub-basin from WAMIS. Using Equations (8) and (9), we fit a multiple linear regression for precipitation use (PU) based on the precipitation on farmland (α 1 P t ) and utilizable water on the non-farm land (P t (A − AC)); see Figure 5 , Multiple correlation coefficient 0.992, R 2 0.984. Accordingly, 0.52 was used for α 1 and 0.43 was used for α 2 .
Sustainability 2018, 10, x 7 of 17 basin, which is the difference between precipitation volume in each basin ( , ̅( ) × ) and outflow volume ( , ̅( ) ), can be expressed as shown in Equation (9) .
We obtained the annual average runoff data ( , ) ) for each sub-basin from WAMIS. Using Equations (8) and (9), we fit a multiple linear regression for precipitation use ( ) based on the precipitation on farmland ( 1 ) and utilizable water on the non-farm land ( ( − )); see Figure  5 , Multiple correlation coefficient 0.992, R 2 0.984. Accordingly, 0.52 was used for 1 and 0.43 was used for 2 . Figure 5 . Relation between the precipitation and water supply according to land use characteristics.
To determine the reservoir supply ( , ), the change of storage volume (∆ , ) according to inflow volume ( , ) and outflow volume ( , ) as shown in Equation (10) is estimated for each reservoir.
where refers to the reservoir storage volume, refers to the minimum storage volume, and refers to the maximum storage volume. The total reservoir inflows accounting for trans-basin diversions (See Figure 6 ) and reservoir outflows as recorded in the database were used for these calculations. Table 1 shows the information about the multipurpose dams, which have a large water supply volume, among the reservoirs considered in this study. Some sub-basins around a dam can use the water through water transfer facilities as long as the quantity of water in the dam is sufficient for transfer. To determine the reservoir supply (RU j,t ), the change of storage volume (∆V R,t ) according to inflow volume (V I,t ) and outflow volume (V O,t ) as shown in Equation (10) is estimated for each reservoir.
where V R refers to the reservoir storage volume, V Rmin refers to the minimum storage volume, and V Rmax refers to the maximum storage volume. The total reservoir inflows accounting for trans-basin diversions (See Figure 6 ) and reservoir outflows as recorded in the database were used for these calculations. Table 1 shows the information about the multipurpose dams, which have a large water supply volume, among the reservoirs considered in this study. Some sub-basins around a dam can use the water through water transfer facilities as long as the quantity of water in the dam is sufficient for transfer.
where refers to the reservoir storage volume, refers to the minimum storage volume, and refers to the maximum storage volume. The total reservoir inflows accounting for trans-basin diversions (See Figure 6 ) and reservoir outflows as recorded in the database were used for these calculations. Table 1 shows the information about the multipurpose dams, which have a large water supply volume, among the reservoirs considered in this study. Some sub-basins around a dam can use the water through water transfer facilities as long as the quantity of water in the dam is sufficient for transfer. For underground water supply (UU j,t ), the data estimated as the use of underground water in each unit area were converted to daily data for utilization. Here, it was assumed that the intake of the underground water is available for the whole period from the data of the Water Management Information System.
Assessment of Water Stress
Water deficit is defined as the difference between the water demand and renewable water supply. Typically, a water deficit occurs because of an increase of water demand or decrease of water supply in spite of the development of a new water source, as shown in Figure 7 . The maximum accumulated deficit estimated over an n-year period (SII) measures the potential impact of multiyear droughts in the n year period. The measure provides insights on the time-evolving vulnerability to drought arising from changes in the climate and from that due to changes in non-climatic conditions (e.g., demand). It also provides a robust planning measure of the ability to meet the demand without failure for the worst dry periods in the time period. One can develop effective planning strategies for the managers to minimize the drought impacts in the current or future climate and demands. Hapchun  2018  925  96  472  790  599  1989  Namgang  2021  2285  34  1126  309  166  1999  Milyang  2023  95  89  535  74  73  2001  Hoabuk  2008  88  45  330  49  38  2008   Geum river   Daechung  3008  3204  72  495  1490  1649  1981  Yongdam  3001  930  70  498  815  650  2001  Buan  5301  59  50  282  42  35  1996  Boryung  3203  164  50  291  117  107  1998   Yungsan river   Sumjin  4003  763  64  344  466  350  1965  Juam_1  4008  1010  58  330  457  270  1992  Juam_2  4204  1345  100  563  250  219  1992  Jangheung  5101  193  53  403  191  128  2006 For underground water supply ( , ), the data estimated as the use of underground water in each unit area were converted to daily data for utilization. Here, it was assumed that the intake of the underground water is available for the whole period from the data of the Water Management Information System.
Water deficit is defined as the difference between the water demand and renewable water supply. Typically, a water deficit occurs because of an increase of water demand or decrease of water supply in spite of the development of a new water source, as shown in Figure 7 . The maximum accumulated deficit estimated over an n-year period (SII) measures the potential impact of multiyear droughts in the n year period. The measure provides insights on the time-evolving vulnerability to drought arising from changes in the climate and from that due to changes in non-climatic conditions (e.g., demand). It also provides a robust planning measure of the ability to meet the demand without failure for the worst dry periods in the time period. One can develop effective planning strategies for the managers to minimize the drought impacts in the current or future climate and demands.
The cumulative deficit accounting measure also provides other important planning characteristics like the duration, severity and recovery time for the droughts [16] . Figure 7 provides a schematic of how we compute these attributes. The period or the time until the maximum cumulative deficit (peak) is defined as the drought critical duration when the cumulative deficit creeps from zero to the maximum cumulative deficit. This is when the system is most vulnerable. The maximum cumulative deficit is defined as the drought severity. The time from the maximum cumulative deficit to the time the deficit recedes back to zero is defined as the recovery time. The cumulative deficit accounting measure also provides other important planning characteristics like the duration, severity and recovery time for the droughts [16] . Figure 7 provides a schematic Sustainability 2018, 10, 3795 9 of 17 of how we compute these attributes. The period or the time until the maximum cumulative deficit (peak) is defined as the drought critical duration when the cumulative deficit creeps from zero to the maximum cumulative deficit. This is when the system is most vulnerable. The maximum cumulative deficit is defined as the drought severity. The time from the maximum cumulative deficit to the time the deficit recedes back to zero is defined as the recovery time.
The drought severity (SIC, Stress Index Cumulative) and duration were estimated for each of the four decades (1973-1982; 1983-1991; 1992-2000; 2001-2009 ) and the spatial distributions in the each period are shown in Figure 8 .
The SIC, and duration have decreased spatially in the Korean peninsula, but their magnitudes have increased in some sub-basins (Figure 8 ). This is primarily due to the movement of population and the addition of new reservoirs as water sources. The drought severity (SIC, Stress Index Cumulative) and duration were estimated for each of the four decades (1973-1982; 1983-1991; 1992-2000; 2001-2009 ) and the spatial distributions in the each period are shown in Figure 8 .
The SIC, and duration have decreased spatially in the Korean peninsula, but their magnitudes have increased in some sub-basins (Figure 8 ). This is primarily due to the movement of population and the addition of new reservoirs as water sources. Based on SIC estimation for all basins, the corresponding normalized estimates, NDC, were estimated using the Equations (4) and (5) to quantify the extent of water stress in each decade. The extent of the water stress was classified into 5 criteria, as "Very Good (0-0.01)", "Good (0.02-0.05)", "Mediocre (0.06-0.10)", "Serious (0.11-0.50)", and "Very Serious (more than 0.50)" as per the published white papers for the drought event in 2001 as the first report for drought assessment from the Korean government that are the Report of the 2001 Drought Investigation Record in Korea [17] . These results are shown in Figure 9 . The Figure 9a ,b show the water stressed areas in the 1st period and 2nd period. A large number of regions were found to be water-stressed. This may be a manifestation of demand increase in the urban regions during these decades. Figure 9c,d show the distribution in the 3rd period and 4th decades. The water stress in many regions was found to have been resolved or have decreased compared with the 1st and 2nd periods. Specifically, the Han River basin was found to be safe from the risk of water stress. However, the Nakdong River basin, Geum River basin, Yungsan River basin were found to have significant number of water-stressed regions at more than serious levels, although with slight improvement from the 1st and 2nd periods. Based on SIC estimation for all basins, the corresponding normalized estimates, NDC, were estimated using the Equations (4) and (5) to quantify the extent of water stress in each decade. The extent of the water stress was classified into 5 criteria, as "Very Good (0-0.01)", "Good (0.02-0.05)", "Mediocre (0.06-0.10)", "Serious (0.11-0.50)", and "Very Serious (more than 0.50)" as per the published white papers for the drought event in 2001 as the first report for drought assessment from the Korean government that are the Report of the 2001 Drought Investigation Record in Korea [17] . These results are shown in Figure 9 . The Figure 9a ,b show the water stressed areas in the 1st period and 2nd period. A large number of regions were found to be water-stressed. This may be a manifestation of demand increase in the urban regions during these decades. Figure 9c,d show the distribution in the 3rd period and 4th decades. The water stress in many regions was found to have been resolved or have decreased compared with the 1st and 2nd periods. Specifically, the Han River basin was found to be safe from the risk of water stress. However, the Nakdong River basin, Geum River basin, Yungsan River basin were found to have significant number of water-stressed regions at more than serious levels, although with slight improvement from the 1st and 2nd periods. With further investigation of NDI and NDC, we can recognize the regions that are susceptible to persistent drought. The spatial distribution of this comparison is shown in Figure 10 . The subbasins shown in blue have NDC equal to the maximum NDI that means multi-year droughts do not have an impact over that of the driest year the historical period. These sub-basins typically are repetitive, which increases during the dry spell and decreases again with the advent of rains. The sub-basins under this category have high average annual precipitation and low inter-annual variability in rainfall. This implies that within year storage that can tap the seasonal rains will be sufficient to satisfy the water demands. This can preferably be satisfied by small scale and decentralized storages like small dams and water demand management, all of which are sufficient to satisfy within year demands and requires no further large scale infrastructural planning for carry over storage.
The sub-basins marked in red have NDC greater than the max NDI. These regions normally have high water deficits, experience periodic multiyear droughts and require large inter annual or carry over storages to meet the existing demands. The metropolitan cities, such as Seoul, Daegu, With further investigation of NDI and NDC, we can recognize the regions that are susceptible to persistent drought. The spatial distribution of this comparison is shown in Figure 10 . The sub-basins shown in blue have NDC equal to the maximum NDI that means multi-year droughts do not have an impact over that of the driest year the historical period. These sub-basins typically are repetitive, which increases during the dry spell and decreases again with the advent of rains. The sub-basins under this category have high average annual precipitation and low inter-annual variability in rainfall. This implies that within year storage that can tap the seasonal rains will be sufficient to satisfy the water demands. This can preferably be satisfied by small scale and decentralized storages like small dams and water demand management, all of which are sufficient to satisfy within year demands and requires no further large scale infrastructural planning for carry over storage.
The sub-basins marked in red have NDC greater than the max NDI. These regions normally have high water deficits, experience periodic multiyear droughts and require large inter annual or carry over storages to meet the existing demands. The metropolitan cities, such as Seoul, Daegu, Busan, and Daejeon and the Nakdong River basin are the most vulnerable among the basins. As shown in Figure 1a , a comparatively smaller amount of precipitation is identified in the Nakdong River basin together with the increase of urban population. Busan, and Daejeon and the Nakdong River basin are the most vulnerable among the basins. As shown in Figure 1a , a comparatively smaller amount of precipitation is identified in the Nakdong River basin together with the increase of urban population. Trends based on the 37 years of NDI (water stress) data, and its influence factors were assessed using the Mann-Kendall test [18, 19] . Figure 11 shows the results from the test for precipitation, total demand, and annual NDI in each sub-basin. The red color indicates that the value has an increasing trend with statistical significance at the 95% confidence level. Similarly, the blue color indicates that the value has a decreasing trend with statistical significance at the 95% confidence level. The light yellow color indicates no statistically significant trends. Precipitation (Figure 11a ) has increased significantly in the Han River basin, the upper stream of the Nakdong River basin. Total demand (Figure 11b ) has increased significantly in mid-lower stream sub-basins of each river basin, however, it has decreased significantly in upper stream sub-basins and most sub-basins in the Yungsan River basin. Annual NDI (Figure 11c ) has decreased in most sub-basins of the Han River basin and many sub-basins of other basins, but has increased in some sub-basins of urbanizing area (Figure 2 ). These Trends based on the 37 years of NDI (water stress) data, and its influence factors were assessed using the Mann-Kendall test [18, 19] . Figure 11 shows the results from the test for precipitation, total demand, and annual NDI in each sub-basin. The red color indicates that the value has an increasing trend with statistical significance at the 95% confidence level. Similarly, the blue color indicates that the value has a decreasing trend with statistical significance at the 95% confidence level. The light yellow color indicates no statistically significant trends. Precipitation (Figure 11a ) has increased significantly in the Han River basin, the upper stream of the Nakdong River basin. Total demand (Figure 11b ) has increased significantly in mid-lower stream sub-basins of each river basin, however, it has decreased significantly in upper stream sub-basins and most sub-basins in the Yungsan River basin. Annual NDI (Figure 11c ) has decreased in most sub-basins of the Han River basin and many sub-basins of other basins, but has increased in some sub-basins of urbanizing area (Figure 2) . These results explain that although precipitation has increased significantly in the Han River basin, expansive population growth in conjunction with the water resource development like dams and withdrawal facilities impacted significantly on decreasing water stress in South Korea. 
Implications for Sustainable Water Resources Development
In a setting where the value of water resources is ever increasing, the conflicts between the stakeholders that use the limited water resources will be more and more serious. Accordingly, the demand for sustainable development of water resources is increasing. The first step for this will be the quantitative analysis of the water stress in each region. As previously mentioned, there are some limits in using the traditional water stress indices and drought indices, which were analyzed using the precipitation data or runoff data only, as the direct indicators for development of water resources, because each region developed the water resources in various ways suitable for its own water demand characteristics and is actively using the water resources. Thus, for sustainable development of water resources, the results analyzed based on the water balance between the water supply and demand should be utilized. Specifically, South Korea has many difficulties in stably securing water resources because of its meteorological, topographical, and social characteristics. Thus South Korea has actively developed and is using the reservoirs, streams, and underground water. Figure 12 shows the spatial distribution of NDI and NDC without considering water transfer while Figure 13 shows the spatial distribution of NDI and NDC with considering water transfer due to water resources development. The water stress indices we show here focuses on stress as defined through a temporal integration of deficit at a daily resolution. We can connect it more directly to infrastructure, planning or water conservation needs through the indices that inform storage requirements needed to meet the estimated supply-demand imbalance. 
In a setting where the value of water resources is ever increasing, the conflicts between the stakeholders that use the limited water resources will be more and more serious. Accordingly, the demand for sustainable development of water resources is increasing. The first step for this will be the quantitative analysis of the water stress in each region. As previously mentioned, there are some limits in using the traditional water stress indices and drought indices, which were analyzed using the precipitation data or runoff data only, as the direct indicators for development of water resources, because each region developed the water resources in various ways suitable for its own water demand characteristics and is actively using the water resources. Thus, for sustainable development of water resources, the results analyzed based on the water balance between the water supply and demand should be utilized. Specifically, South Korea has many difficulties in stably securing water resources because of its meteorological, topographical, and social characteristics. Thus South Korea has actively developed and is using the reservoirs, streams, and underground water. Figure 12 shows the spatial distribution of NDI and NDC without considering water transfer while Figure 13 shows the spatial distribution of NDI and NDC with considering water transfer due to water resources development. The water stress indices we show here focuses on stress as defined through a temporal integration of deficit at a daily resolution. We can connect it more directly to infrastructure, planning or water conservation needs through the indices that inform storage requirements needed to meet the estimated supply-demand imbalance. We further analyzed how the extent of water stress changed in each larger basin (Han, Nakdong, Geum, Yungsan) over the decades (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) decade compared to the 2000-2009 decade). For this, the annual NDI for the whole period was averaged for each basin (average of each unit basin) and the LOWESS method which uses locally-weighted polynomial regression [20] was applied to analyze the change characteristics of the annual NDI series compared with water transfer series due to water resources development in each basin (shown in Figure 14 (left) ). Water resources development contributed to the decrease in water stress in each basin, with the highest decrease seen in the Han River basin due to a significant increase of the water transfers. The empirical cumulative distribution function of annual NDI is also shown in Figure 14 We further analyzed how the extent of water stress changed in each larger basin (Han, Nakdong, Geum, Yungsan) over the decades (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) decade compared to the 2000-2009 decade). For this, the annual NDI for the whole period was averaged for each basin (average of each unit basin) and the LOWESS method which uses locally-weighted polynomial regression [20] was applied to analyze the change characteristics of the annual NDI series compared with water transfer series due to water resources development in each basin (shown in Figure 14 (left) ). Water resources development contributed to the decrease in water stress in each basin, with the highest decrease seen in the Han River basin due to a significant increase of the water transfers. The empirical cumulative distribution function of annual NDI is also shown in Figure 14 We further analyzed how the extent of water stress changed in each larger basin (Han, Nakdong, Geum, Yungsan) over the decades (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) decade compared to the 2000-2009 decade). For this, the annual NDI for the whole period was averaged for each basin (average of each unit basin) and the LOWESS method which uses locally-weighted polynomial regression [20] was applied to analyze the change characteristics of the annual NDI series compared with water transfer series due to water resources development in each basin (shown in Figure 14 (left) ). Water resources development contributed to the decrease in water stress in each basin, with the highest decrease seen in the Han River basin due to a significant increase of the water transfers. The empirical cumulative distribution function of annual NDI is also shown in Figure 14 decreased by about 65% (0.76 to 0.11). In the Nakdong River basin (see Figure 14b) , the risk increased by about 2% during the period 1973-2009. Similarly, in the Geum River basin (see Figure 14c) , the risk decreased by about 13%, and about 9% in the Yungsan River basin see Figure 14d . We can see that the most vulnerable basin is the Nakdong River basin and the safest basin is the Han River basin. By comparing the risk of water stress based on the past and present period, we can decide in what region the water resource development has been concentrated. It can be said that the water resource development was concentrated in the Han River basin that showed the decrease rate of the percentile of the annual NDI about 65% and that the water resource development was comparatively insufficient in the Nakdong River basin that showed the increase rate of about 2%. The Han River basin benefited from large-scaled stream intake facilities in the past, such as Soyang River Dam (completed in 1973) and Paldang Dam (completed in 1973) . We see the greatest rate of decrease in the water risk from 1973 to 2009. It is true that the development of water resources was concentrated in the Han River basin, where about 56% of populations reside in South Korea. We also find that the Nakdong River basin is a region with the highest water stress. In the Geum River and Yungsan River basins, the water stress is considered to be in favorable condition with the NDI of 0.11 and 0.12, respectively. However, if precipitation smaller than the mean annual precipitation level occurs in the basins, those basins are likely to suffer serious water stress. Accordingly, the efforts to secure more stable water resources are considered necessary not only in the Nakdong River basin, but also in the Geum River basin and the Yungsan River basin. This examination of potential risk changes makes it easy to understand the exposure magnitude and duration by location, and is hence useful for siting decisions. Future Climate Scenarios can be easily accommodated to provide projected risk, and integrated with a plan for drought management that indicates the current level of accumulated water stress. risk decreased by about 13%, and about 9% in the Yungsan River basin see Figure 14d . We can see that the most vulnerable basin is the Nakdong River basin and the safest basin is the Han River basin. By comparing the risk of water stress based on the past and present period, we can decide in what region the water resource development has been concentrated. It can be said that the water resource development was concentrated in the Han River basin that showed the decrease rate of the percentile of the annual NDI about 65% and that the water resource development was comparatively insufficient in the Nakdong River basin that showed the increase rate of about 2%. The Han River basin benefited from large-scaled stream intake facilities in the past, such as Soyang River Dam (completed in 1973) and Paldang Dam (completed in 1973). We see the greatest rate of decrease in the water risk from 1973 to 2009. It is true that the development of water resources was concentrated in the Han River basin, where about 56% of populations reside in South Korea. We also find that the Nakdong River basin is a region with the highest water stress. In the Geum River and Yungsan River basins, the water stress is considered to be in favorable condition with the NDI of 0.11 and 0.12, respectively. However, if precipitation smaller than the mean annual precipitation level occurs in the basins, those basins are likely to suffer serious water stress. Accordingly, the efforts to secure more stable water resources are considered necessary not only in the Nakdong River basin, but also in the Geum River basin and the Yungsan River basin. This examination of potential risk changes makes it easy to understand the exposure magnitude and duration by location, and is hence useful for siting decisions. Future Climate Scenarios can be easily accommodated to provide projected risk, and integrated with a plan for drought management that indicates the current level of accumulated water stress.
(a) Han river basin (b) Nakdong river basin Annual NDI series and water transfer series due to water resources development (left) and cumulative probability distribution for annual NDI (right).
In recent years, dynamic methods [21, 22] are applied actively to solving water problems with the development of technology. But this study analyzed water stress using statistical methods based on time series data. In particular, this study established the water balance model [23] and simulated quantitatively water stress using the NDI and NDC, not apply the existing methods like the meteorological, agricultural, and hydrologic method for water stress analysis. We proposed the methodology that can consider the variation of meteorological characteristics as a natural phenomenon, and population growth and urbanization as social changes. Many countries are deeply concerned about the problem of inequitable distribution of water. Here, this study tried to provide a clue like how sustainable development of water resources should be done for the future. This study can be used as an important material to make a strategy to mitigate water stress for achieving the Sustainable Development Goal 6 on Water and Sanitation by the UN in 2015 [24] .
Conclusions
We are at the juncture where future water sustainability is under question with growing concerns regarding the reliable water supply for various needs. For water sustainability, it is necessary to examine water supply-demand imbalance and their spatio-temporal distribution in order to mitigate the water risk. A detailed quantitative assessment of water risk and storage assessment is presented considering the historical climate variability and the water demands for Korea. Cumulative water deficits were estimated using the water demand (household water, industrial water, agricultural water, and livestock water) between 1973 and 2009 (37 years) and water supply (precipitation use, reservoir use, stream use, and underground water use) for each sub-basin. It highlights the regions with high water stress because of inequitable development of water resources, thus identifying where water demand management or water policy intervention is needed. The spatial distribution of the regions vulnerable to water stress in the past and present are identified in the context of the history of South Korean water resource development. Accordingly, the result of Figure 14 . Annual NDI series and water transfer series due to water resources development (left) and cumulative probability distribution for annual NDI (right).
We are at the juncture where future water sustainability is under question with growing concerns regarding the reliable water supply for various needs. For water sustainability, it is necessary to examine water supply-demand imbalance and their spatio-temporal distribution in order to mitigate the water risk. A detailed quantitative assessment of water risk and storage assessment is presented considering the historical climate variability and the water demands for Korea. Cumulative water deficits were estimated using the water demand (household water, industrial water, agricultural water, and livestock water) between 1973 and 2009 (37 years) and water supply (precipitation use, reservoir use, stream use, and underground water use) for each sub-basin. It highlights the regions with high water stress because of inequitable development of water resources, thus identifying where water demand management or water policy intervention is needed. The spatial distribution of the regions vulnerable to water stress in the past and present are identified in the context of the history of South Korean water resource development. Accordingly, the result of this study is expected to be able to contribute to accessing the Sustainable Development Goal 6 as well as the establishment of the strategy for sustainable development of South Korean water resources based on their equitable distribution.
